Abstract: An absorption chiller model for tri-generation (combined cooling, heating, and power) is developed and incorporated with the high temperature-(HT-) proton exchange membrane fuel cell (PEMFC) system model that was developed in our previous study. We employ a commercially available flow simulator, Aspen HYSYS, for solving the energy and mass balances of various system components, including an HT-PEMFC stack that is based on a phosphoric acid-doped PBI membrane, natural gas-fueled reformer, LiBr-H 2 O absorption chiller, balance of plant (BOP) components, and heat exchangers. Since the system's operating strategy for tri-generation must be changed, depending on cooling or heating loads, a major focus of this study is to analyze system performance and efficiency under different requirements of electricity generation, cooling, and heating conditions. The system simulation results revealed that high-current fuel-cell operation is essential in raising the cooling capacity, but the overall system efficiency is slightly reduced as a result. Using a lower fuel-air ratio for the burner in the reforming module is one alternative that can minimize the reduction in the overall system efficiency under high-current fuel-cell operation and large cooling-capacity modes.
Introduction
Due to fossil-resource depletion and environmental pollution, lately the importance of renewable energy has received much attention. Moreover, technologies that can efficiently use clean-energy resources are considered to be a solution for these environmental concerns. Among the various clean-energy technologies that can potentially replace fossil fuels, fuel cells are considered to be one of the most environmentally friendly technologies. Fuel cells produce electricity by using hydrogen and oxygen, and water and waste heat are the only byproducts. Over the last several decades, considerable progress has been made regarding of fuel cell performance and durability. Developing new materials and optimizing its design and operation conditions have achieved the rapid growth of fuel cell technologies. The numerical modeling and experimental diagnostics become valuable tools for the design and operation of fuel cells [1] [2] [3] [4] . In particular, fuel cells that operate at high temperatures are appropriate for combined heat, cooling, and power generation (CHCP), or tri-generation. Even though fuel-cell systems for tri-generation have relatively high initial capital costs, these systems offer significant benefits in terms of system-energy efficiency [5, 6] . Figure 1 shows the schematic of a typical High Temperature (HT)-PEMFC system for tri-generation consisting of three aforementioned modules: an HT-PEMFC stack module, fuel-reforming module, and combined heating and cooling (CHC) module. The HT-PEMFC stack that is based on a PA-doped PBI membrane is connected with a natural gas-fueled reformer, heat-storage tank, and LiBr-H 2 O absorption chiller. In addition, various balance of plant (BOP) components (blowers, compressors, and pumps) and heat exchangers are used in the operation of the tri-generation system. The HT-PEMFC system model is based on the previous work of Jo et al. [28] , wherein the model was experimentally validated against the test data measured under the 5 kW e HT-PEMFC system developed by Doosan Corporation Fuel Cell. Only the difference from our previous work is that an absorption chiller model is newly developed and incorporated to simulate HT-PEMFC system operations for the summer cooling mode. The main assumptions made during system modeling are as follows:
Analytical Model

Model Assumptions
1.
The natural gas constitutes 100% methane (CH 4 ). All of the impurities in the natural gas are removed before utilization during the fuel pretreatment process. Hence, the minor components in the fuel and their properties are ignored.
2.
Peng-Robinson's equation of state is followed by the individual gases and their mixtures to facilitate the relatively simple and accurate analysis of the natural gas reacting system. 3.
The operations of tri-generation system and its components are at the steady-state condition.
4.
The desulphurization component is included in the HT-PEMFC system to alleviate the sulfur poisoning of metal catalysts, such as Ni and Rh, inside the steam reforming (SR) reactor. Hence, the catalyst deactivation effect can be neglected.
5.
The effect of CO poisoning on the performance of HT-PEMFC stack is assumed to be negligible, which is reasonable for high operating temperatures (>160 • C) and/or the CO content range of 1~2% in the anode reformate gas [29, 30] . 6 .
The LiBr solution in the absorber and generator, and any refrigerant (water) in the condenser and evaporator are under thermodynamic equilibrium corresponding to their temperatures and pressures. The temperature, pressure, and concentration within the each component of LiBr-H 2 O absorption chiller are assumed to be uniform. 7.
The water vapor that leaves the evaporator is assumed to be fully saturated, whereas the water leaves the condenser as saturated liquid. 
Fuel-Reforming Module
In the fuel-reforming module, we considered a SR reactor, water gas shift (WGS) reactors, and auxiliary catalytic burner along with several Balance of Plant (BOP) components and heat exchangers. As shown in Figures 1 and 2 , the steam and process natural gas (PNG) are fed into the SR reactor, while the anodic exhausts from the HT-PEMFC stack, air, and burner natural gas (BNG) are supplied to the burner. Despite the number of reactions that are involved in the SR process [31] 
where, Δℎ is the specific enthalpy change for the reaction, i (i = 1, 2, 3 denote the methane SR, WGS, and Direct SR). The kinetic equations of Equations (1)- (3) are derived regarding the plug-flow kinetic model, which was previously investigated by Xu and Froment [31] : 
In the fuel-reforming module, we considered a SR reactor, water gas shift (WGS) reactors, and auxiliary catalytic burner along with several Balance of Plant (BOP) components and heat exchangers. As shown in Figures 1 and 2 , the steam and process natural gas (PNG) are fed into the SR reactor, while the anodic exhausts from the HT-PEMFC stack, air, and burner natural gas (BNG) are supplied to the burner. Despite the number of reactions that are involved in the SR process [31] , the following three major chemical reactions are considered for simplicity: In Equations (4)-(6), , , , and are the equilibrium constant, pre-exponential factor, the activation energy, and the net kinetic reaction rate of the reaction i, respectively. In addition, means the partial pressure of species and j in the mentioned reactions. The term, DEN in the denominators of Equations (4)-(6) represents the adsorption of reactants onto the active catalytic sites. Because all three reactions occur at the same sites, DEN in Equations (4)-(6) are equivalent, being expressed, as follows:
For the given Ni/MgAl2O4 catalyst, the adsorption constant of individual species j, is described using Van't Hoff expression, as below:
where, Δℎ and ( ) are the adsorption-specific enthalpy and the pre-exponential factor of for the species j, respectively.
Based on Equations (1)- (3), the mass balance equations for individual species in the SR reactor are derived, as follows: 
Methane SR
Direct SR
where, ∆h i is the specific enthalpy change for the reaction, i (i = 1, 2, 3 denote the methane SR, WGS, and Direct SR). The kinetic equations of Equations (1)- (3) are derived regarding the plug-flow kinetic model, which was previously investigated by Xu and Froment [31] :
In Equations (4)-(6), Kp i , A i , E i , and r i are the equilibrium constant, pre-exponential factor, the activation energy, and the net kinetic reaction rate of the reaction i, respectively. In addition, p j means the partial pressure of species and j in the mentioned reactions. The term, DEN in the denominators of Equations (4)- (6) represents the adsorption of reactants onto the active catalytic sites. Because all three reactions occur at the same sites, DEN in Equations (4)-(6) are equivalent, being expressed, as follows:
For the given Ni/MgAl 2 O 4 catalyst, the adsorption constant of individual species j, K j is described using Van't Hoff expression, as below:
where, ∆h j and A K j are the adsorption-specific enthalpy and the pre-exponential factor of K j for the species j, respectively. Based on Equations (1)- (3), the mass balance equations for individual species in the SR reactor are derived, as follows:
where, . m PNG is the PNG mass flow rate fed into the SR reactor. In the WGS reactor comprising high temperature-shifts (HTS) and low temperature-shifts (LTS) sub-reactors, only the exothermic WGS reaction, as in Equation (2), is assumed to occur. Thus, the mass balance equations for the WGS reactor are described in Equation (10 (10) where, r HTS 2 and r LTS 2 represent the net WGS reaction rates of Equation (2) for the HTS and LTS processes, respectively. Table 1 summarizes all the equilibrium constants and reaction kinetics parameters for the SR, HTS, and LTS reactors. Figure 2 shows the flowsheet of fuel reforming module generated by the ASPEN HYSYS ® V7.2. 
HT-PEMFC Stack Module
The HT-PEMFC stack model is simplified from the three-dimensional (3-D) high temperature (HT)-PEMFC models [29, [35] [36] [37] [38] . The cell voltage can be determined after the activation loss η act , ohmic loss η ohm , and concentration loss η con are estimated and then subtracted from the thermodynamic equilibrium potential, E nernst , as follows,
The expression of E nernst is given by Chippar and Ju [31] , as follows:
In Equation (11), the activation overvoltage, η act , represents the total activation loss, i.e., the sum of the activation loss in the anode side due to the hydrogen oxidation reaction (HOR) and the activation loss in the cathode side due to the oxygen reduction reaction (ORR). The anode and cathode activation losses can be estimated from the Butler-Volmer (B-V) equations for the HOR and ORR, as follows [35] :
HOR in the anode
ORR in the cathode
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In Equation (13), C j is the molar concentration. α is the transfer coefficient. The exchange current densities for the HOR and ORR, denoted by i re f 0,a and i re f 0,c , respectively, are dependent of temperature, as follows [35] :
The ohmic loss, η ohm is a combined result of proton and electron transport through various components of HT-PEMFC stack.
In Equation (17), R H + and R elec represent the area specific resistances due to proton and electron transport, respectively. R H + can be determined by the given membrane and catalyst layer (CL) properties and dimensions, as follows.
where ν aCL and ν cCL are the ionomer volume fraction in the anode and cathode CLs, respectively. It should be noted that, for proton transport through the anode and cathode CLs, half the thickness of CL (i.e., 0.5·δ aCL and 0.5·δ aCL ) is considered as the average proton transport path. The expression of concentration polarization, η con is given by:
In Equation (19) , i lim is the limiting current density, i.e., a function of the oxygen concentration at the interface of the cathode gas diffusion layer (GDL) and gas channel, C O 2 ,int , as well as the porosity (v GDL ), tortuosity, and thickness (δ GDL ) of the cathode GDL. The expression is given by:
Based on a typical HT-PEMFC stack configuration where the single cells are connected in series, the stack voltage V stack and stack power P stack can be estimated if the number of cells in the stack, n cell and the area of membrane electrode assembly (MEA), A MEA , are given.
When considering the stack power that was obtained by Equation (22) and the sum of power consumption of an individual BOP component i (denoted by bhp i ), the electric efficiency ε e for the HT-PEMFC system can be evaluated, as follows,
where LHV f uel is the lower heating value of fuel.
. m f uel is the total fuel mass flow rate supplied to the fuel reforming module. As shown in Figure 2 The waste heat generated during the HT-PEMFC stack operation is described by Equation (25):
Inside the HT-PEMFC stack, .
Q stack in Equation (25) is mainly removed by a coolant flowing through the cooling channels [35] . Triethylene glycol is usually employed as a coolant for HT-PEMFC stacks, owing to its high boiling point around 285 • C. The coolant temperature gradient from the inlet to outlet, ∆T cool can be estimated through a simple heat balance of the total waste heat generation rate from the stack and heat removal rate by the coolant.
In Equation (26), . m cool represents the flow rate of coolant that is supplied to the HT-PEMFC stack. The present stack model described in Figure 3a is implemented while using the flow simulator ASPEN HYSYS ® V7.2 and relevant flowsheet, as seen in Figure 3b . 
The waste heat generated during the HT-PEMFC stack operation is described by Equation (25):
Inside the HT-PEMFC stack, ̇ in Equation (25) is mainly removed by a coolant flowing through the cooling channels [35] . Triethylene glycol is usually employed as a coolant for HT-PEMFC stacks, owing to its high boiling point around 285 °C . The coolant temperature gradient from the inlet to outlet, ∆ can be estimated through a simple heat balance of the total waste heat generation rate from the stack and heat removal rate by the coolant.
In Equation (26), ̇ represents the flow rate of coolant that is supplied to the HT-PEMFC stack. The present stack model described in Figure 3a is implemented while using the flow simulator ASPEN HYSYS ® V7.2 and relevant flowsheet, as seen in Figure 3b . 
Single-Effect Absorption Chiller
To simulate the HT-PEMFC based tri-generation system, an absorption chiller model is newly developed and incorporated into the aforementioned HT-PEMFC system model. As schematically shown in Figure 4 , this absorption chiller system operates with the LiBr-H 2 O solution, in which LiBr and H 2 O are employed as the absorbent and refrigerant, respectively. Its main components are the generator, absorber, condenser, evaporator, solution heat exchanger, expansion valve, and solution pumps. The water vapor that originates from the evaporator is absorbed in an aqueous LiBr-H 2 O solution in the absorber, wherein the cooling water removes the exothermic heat that is released during absorption. The diluted LiBr solution in the absorber is then pressurized by the pump (P1) and pre-heated through heat exchange with the concentrated solution before being sent to the generator. In the generator, the waste heat from the HT-PEMFC is supplied to obtain steam from the diluted solution. After the steam is further superheated, it enters the condenser and is liquefied, releasing latent heat. Finally, the water is depressurized through the expansion valve and vaporized in the evaporator, producing useful cooling. The vaporized water is recombined with a strongly concentrated LiBr solution from the absorber for completing the absorption refrigeration cycle. While assuming a steady-state operation, the following mass and energy balance equations are applied to individual components in the absorption chiller system and implemented into Aspen HYSYS ® V 7.2.
where j represents either water or LiBr solution. To solve the energy-balance equations for the absorber and generator, the following expression for the specific enthalpy of the LiBr solution, i.e., as a function of temperature, T, and LiBr concentration, X, is used in the model [6] :
Energies 2018, 11, x FOR PEER REVIEW 10 of 21 (a) In Equation (29), the values of the individual coefficients are listed in Table 2 . The COP and cooling efficiency (defined based on the rate of the total fuel supply) can be readily determined by the following expressions:
where . m H 2 O represents the mass flow rate of water through the condenser and the evaporator. x and h vap are the mass fraction of water vapor at the end of the expansion valve and the specific latent heat of vaporization of water, respectively. 
Heat-Recovery Module
Heat-recovery modules are used to collect excess heat from various system components and to store it in the storage tank. Figure 5 displays the flowsheet of the heat recovery module, in which five heat exchangers (HXs) are employed to recover the available heat. HXs 1 and 2 are placed near the ends of the SR and HTS reactors, respectively, in order to maintain optimal operating temperatures of HTS and LTS processes, as well as to preheat the stream that is supplied to the SR reactor. HXs 3, 4, and 5 are mainly to cool the burner exhaust gas, LTS downstream, and coolant flow from the HT-PEMFC stack, respectively. To solve the heat balance equations of the individual HXs, either heat capacity or the outlet temperature is required, i.e. obtained from the following equation. q = UA∆ (32) In the Equation (32), , A, and U denote the logarithmic mean temperature difference (LMTD), effective heat exchanger area, and the overall heat transfer coefficient, respectively. The thermal efficiency can be estimated by calculating the total heat that is recovered from the HT-PEMFC system under the following equation. • × 100% (33) where ℎ 2 and ̇ℎ 2 are the temperature and mass flow rate of the storage tank, respectively. The overall CHCP efficiency of the tri-generation HT-PEMFC system can be estimated by the summation of electric, thermal, and cooling efficiencies.
= + +
Operating Conditions
The key operating parameters for an HT-PEMFC system are the steam to carbon ratio (SCR) for the SR reactors and the FAR for burners, which are defined as =̇+̇⁄ ⁄̇⁄ (36) where ̇ represents anode exhaust the mass flow rate from the HT-PEMFC stack. The equivalence ratio (ER) for the burners means the actual FAR normalized by the minimum theoretic FAR for complete combustion. Under a fixed air supply, the ER can be approximated to the ratio of the actual BNG mass flow rate to the minimum BNG mass flow rate that is required for complete combustion:
According to our previous study [23] , the SCR has a negligible influence on the hydrogen yield and system efficiencies when this factor varies from 3.0 to 3.6. Only the CO content in the reformate gas To solve the heat balance equations of the individual HXs, either heat capacity or the outlet temperature is required, i.e., obtained from the following equation.
In the Equation (32), T lm , A, and U denote the logarithmic mean temperature difference (LMTD), effective heat exchanger area, and the overall heat transfer coefficient, respectively. The thermal efficiency can be estimated by calculating the total heat that is recovered from the HT-PEMFC system under the following equation.
where T hrH 2 O and . m hrH 2 O are the temperature and mass flow rate of the storage tank, respectively. The overall CHCP efficiency of the tri-generation HT-PEMFC system can be estimated by the summation of electric, thermal, and cooling efficiencies.
The key operating parameters for an HT-PEMFC system are the steam to carbon ratio (SCR) for the SR reactors and the FAR for burners, which are defined as
where . m AOG . represents anode exhaust the mass flow rate from the HT-PEMFC stack. The equivalence ratio (ER) for the burners means the actual FAR normalized by the minimum theoretic FAR for complete combustion. Under a fixed air supply, the ER can be approximated to the ratio of the actual BNG mass flow rate to the minimum BNG mass flow rate that is required for complete combustion: According to our previous study [23] , the SCR has a negligible influence on the hydrogen yield and system efficiencies when this factor varies from 3.0 to 3.6. Only the CO content in the reformate gas is slightly reduced with increasing SCR, so the SCR value is fixed at 3.0 in this study. Contrarily, the burner FAR directly controls the amount of heat that is supplied for the endothermic reactions in the SR reactor and thus highly influences the system efficiencies as well as the total hydrogen yield. Therefore, we numerically assess the effect of the burner FAR on the electrical, cooling, and heating efficiencies of HT-PEMFC systems. In addition, the summer cooling and winter heating modes demand different cooling, heating, and power loads for the HT-PEMFC systems. One approach to meet these various load requirements is to adjust the operating current density of the HT-PEMFC stack. In this study, low (0.2 A/cm 2 ), intermediate (0.4 A/cm 2 ), and high (0.65 A/cm 2 ) current-density HT-PEMFC operations are simulated and then compared in terms of electric-power generation and cooling capacity. Figure 6 display the cell voltage, stack power, and waste heat under different operating current densities, wherein the calculated polarization curve agrees well with the experimental curve that was measured by Qingfeng [39] . In addition, the stack power and waste heat were estimated based on the stack configuration in Table 3 (A MEA = 300 cm 2 , N cell = 160). While the cell voltage decreased with the current density, the stack power and waste heat dramatically increased with current density. Therefore, when greater cooling and electrical loads are required during summer, operating a HT-PEMFC stack at lower voltage (higher current) is needed to obtain higher stack power for more electricity use and supplying more heat to the absorption chiller. Figure 7 schematically shows the HT-PEMFC system simulation results for the lower current-density operation of the HT-PEMFC stack at 0.2 A/cm 2 . With a PNG flow rate of 0.8587 kg/h, 0.4283 kg/h of hydrogen was produced through the SR, HTS, and LTS processes and then fed into the HT-PEMFC stack, wherein 5.978 kW of electric power was generated with around 6.097 kW of waste heat. The heat was transferred to the LiBr-H 2 O solution in the absorption chiller and 4.011 kg/h of water was vaporized from the strong solution and used as refrigerant. The cooling capacity of 2.568 kW was finally delivered through 135.11 kg/h of chiller water loop (T Chiller H 2 O, in = 25.35 • C, T Chiller H 2 O, out = 9.045 • C). The electric-power generation from the HT-PEMFC stack, which ranged from 5 to 6 kW, was sufficient in coping with the power consumption of five households, but the cooling capacity, which was around 2.566 kW, was less than that of one household in the summer, which implies that the HT-PEMFC stack's operating mode must be switched to a higher power and lower efficiency mode during summer. is slightly reduced with increasing SCR, so the SCR value is fixed at 3.0 in this study. Contrarily, the burner FAR directly controls the amount of heat that is supplied for the endothermic reactions in the SR reactor and thus highly influences the system efficiencies as well as the total hydrogen yield. Therefore, we numerically assess the effect of the burner FAR on the electrical, cooling, and heating efficiencies of HT-PEMFC systems. In addition, the summer cooling and winter heating modes demand different cooling, heating, and power loads for the HT-PEMFC systems. One approach to meet these various load requirements is to adjust the operating current density of the HT-PEMFC stack. In this study, low (0.2 A/cm 2 ), intermediate (0.4 A/cm 2 ), and high (0.65 A/cm 2 ) current-density HT-PEMFC operations are simulated and then compared in terms of electric-power generation and cooling capacity. Figure 6 display the cell voltage, stack power, and waste heat under different operating current densities, wherein the calculated polarization curve agrees well with the experimental curve that was measured by Qingfeng [39] . In addition, the stack power and waste heat were estimated based on the stack configuration in Table 3 ( = 300 cm 2 , = 160). While the cell voltage decreased with the current density, the stack power and waste heat dramatically increased with current density. Therefore, when greater cooling and electrical loads are required during summer, operating a HT-PEMFC stack at lower voltage (higher current) is needed to obtain higher stack power for more electricity use and supplying more heat to the absorption chiller. Figure 7 schematically shows the HT-PEMFC system simulation results for the lower current-density operation of the HT-PEMFC stack at 0.2 A/cm 2 . With a PNG flow rate of 0.8587 kg/h, 0.4283 kg/h of hydrogen was produced through the SR, HTS, and LTS processes and then fed into the HT-PEMFC stack, wherein 5.978 kW of electric power was generated with around 6.097 kW of waste heat. The heat was transferred to the LiBr-H2O solution in the absorption chiller and 4.011 kg/h of water was vaporized from the strong solution and used as refrigerant. The cooling capacity of 2.568 kW was finally delivered through 135.11 kg/h of chiller water loop (T Chiller H 2 O, in = 25.35 °C , T Chiller H 2 O, out = 9.045 °C ). The electric-power generation from the HT-PEMFC stack, which ranged from 5 to 6 kW, was sufficient in coping with the power consumption of five households, but the cooling capacity, which was around 2.566 kW, was less than that of one household in the summer, which implies that the HT-PEMFC stack's operating mode must be switched to a higher power and lower efficiency mode during summer. [40] Electronic conductivity in BP, GDL, CL 14000, 1250, 300 S/m [40] Phosphoric acid doping level 18.7 [40] Anode/cathode transfer coefficient 0.5, 0.65 [40] Reference exchange current density in anode/cathode, i Volume fraction of ionomers in CLs 0.3 [40] Porosity of GDL, CL 0.6, 0.4 [40] Proton conductivity of the membrane, κ
Results and Discussion
S/m [39]
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(a) (b) Figure 8 . (a) Required burner natural gas (BNG) and process natural gas (PNG) flow rates and amount of heat supplied to the SR reactor with the variation of operating current density, (b) electric power, waste heat, and cooling capacity of HT-PEMFC stack as a function of operating current density. As the operating current density varied, the BNG and PNG flow rates were adjusted to maintain the same anode stoichiometry of 1.2. Figure 9 shows the electrical, cooling, thermal, and overall efficiencies (expressed in Equations (23), (31) , (33) , and (34), respectively) at three different current densities. Absorption chillers typically perform more efficiently at higher temperature and larger heat input, so the cooling efficiency increases relatively sharply with increasing current density, which offsets the decreases in the electrical and thermal efficiencies. Thus, the overall efficiency remained almost unchanged (around 70%) as the operating current density varied. This result indicates that an HT-PEMFC system with an absorption chiller can be adapted to various electrical, cooling, and heating-load requirements as the seasons change. Figure 8 . (a) Required burner natural gas (BNG) and process natural gas (PNG) flow rates and amount of heat supplied to the SR reactor with the variation of operating current density, (b) electric power, waste heat, and cooling capacity of HT-PEMFC stack as a function of operating current density. As the operating current density varied, the BNG and PNG flow rates were adjusted to maintain the same anode stoichiometry of 1.2. Figure 9 shows the electrical, cooling, thermal, and overall efficiencies (expressed in Equations (23), (31) , (33) and (34) , respectively) at three different current densities. Absorption chillers typically perform more efficiently at higher temperature and larger heat input, so the cooling efficiency increases relatively sharply with increasing current density, which offsets the decreases in the electrical and thermal efficiencies. Thus, the overall efficiency remained almost unchanged (around 70%) as the operating current density varied. This result indicates that an HT-PEMFC system with an absorption chiller can be adapted to various electrical, cooling, and heating-load requirements as the seasons change. The burner FAR directly controls the heat supply to the SR reactor and it thus significantly influences the resulting hydrogen conversion rate and HT-PEMFC efficiencies. Therefore, HT-PEMFC system simulations were conducted with various burner FARs, which are summarized in Table 4 . For simplicity, the air supply rate for the burner was fixed for each current-density condition, and only the BNG flow rate was adjusted to vary the burner FAR and ER. As predicted, the highest heat supply rate for the SR reactor is calculated with ER = 1, i.e., corresponding to a BNG flow rate of 0.3177 kg/h at 0.2 A/cm 2 , 0.4877 kg/h at 0.4 A/cm 2 , and 0.7526 at 0.65 A/cm 2 . Operating with higher FARs and ERs (rich mixture for the burner) should be avoided, because these conditions significantly reduce the efficiency of HT-PEMFC systems. On the other hand, lowering the FAR and ER (lean mixture lower than ER = 1) was beneficial, thus improving the tri-generation performance and efficiency. Even slightly higher H2 yields and stack power ( ) were predicted with the lower ERs, owing to the reduced HTS and LTS temperatures and enhancing the CO conversion rate to CO2 for the exothermic WGS reaction. Although the cooling capacity was reduced with a lower ER, the cooling and overall CHCP efficiencies were improved because less fuel was used. However, a further decrease in the ER can produce an insufficient heat supply for the SR reactor, substantially decreasing the hydrogen yield, stack power, and cooling capacity. The burner FAR directly controls the heat supply to the SR reactor and it thus significantly influences the resulting hydrogen conversion rate and HT-PEMFC efficiencies. Therefore, HT-PEMFC system simulations were conducted with various burner FARs, which are summarized in Table 4 . For simplicity, the air supply rate for the burner was fixed for each current-density condition, and only the BNG flow rate was adjusted to vary the burner FAR and ER. As predicted, the highest heat supply rate for the SR reactor is calculated with ER = 1, i.e., corresponding to a BNG flow rate of 0.3177 kg/h at 0.2 A/cm 2 , 0.4877 kg/h at 0.4 A/cm 2 , and 0.7526 at 0.65 A/cm 2 . Operating with higher FARs and ERs (rich mixture for the burner) should be avoided, because these conditions significantly reduce the efficiency of HT-PEMFC systems. On the other hand, lowering the FAR and ER (lean mixture lower than ER = 1) was beneficial, thus improving the tri-generation performance and efficiency. Even slightly higher H 2 yields and stack power (P stack ) were predicted with the lower ERs, owing to the reduced HTS and LTS temperatures and enhancing the CO conversion rate to CO 2 for the exothermic WGS reaction. Although the cooling capacity was reduced with a lower ER, the cooling and overall CHCP efficiencies were improved because less fuel was used. However, a further decrease in the ER can produce an insufficient heat supply for the SR reactor, substantially decreasing the hydrogen yield, stack power, and cooling capacity. 
Conclusions
In this paper, we developed the HT-PEMFC system model for tri-generation, wherein an LiBr-H 2 O absorption chiller model was developed and then coupled with an HT-PEMFC stack model that is based on a PA-doped PBI membrane and fuel-reforming model that comprises an SR reactor, HTS and LST reactors, and burner, which were connected with various BOPs and heat exchangers. Using the commercially available flowsheet simulator Aspen HYSYS ® , the system model for tri-generation was simulated under various operating conditions. The simulation results highlighted that higher current operation in the HT-PEMFC stack was needed to achieve sufficient cooling capacity. As the stack current density was raised from 0.2 A/cm 2 to 0.65 A/cm 2 , the electric efficiency of HT-PEMFC stack dropped from 33.4% to 26.8%, but the cooling efficiency of single-effect LiBr-H 2 O absorption chiller was improved from 15.7% to 35.0%, leading to a substantial increase in the cooling capacity from 2.566 to 17.292 kW. In addition, a burner ER of around 0.75-0.8 levels was suitable in achieving higher overall CHCP efficiencies ranging from 70% at 0.65 A/cm 2 to 75% at 0.2 A/cm 2 without any loss of cooling capacity. This numerical study clearly illustrated that an HT-PEMFC system with an absorption chiller can adequately respond to various electrical, cooling, and heating-load requirements as seasons change. 
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